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Abstract 
 The Calvert Cliffs (Maryland, USA) is a classic condensed Miocene sequence that 
has attracted much scientific attention for its laterally extensive and highly condensed 
fossil beds (Kidwell, 1982a). Several meters thick and up to 70% shell material, the 
period of formation of these major complex shell beds has been debated for decades. 
Kidwell (1989) and associated studies have demonstrated that the major complex shell 
beds possess certain characteristics that suggest the beds formed as a succession of 
condensed parasequences during a transgressive systems tract. However, no quantitative 
analysis has calculated the period of formation of the major complex shell beds in order 
to assess this interpretation.  
 Using strontium isotope stratigraphy, the period of formation of the Camp 
Roosevelt shell bed was demonstrated to be on the order of ~600 kyr. This same period 
of formation, on the order of 105 years, was consistent across all three localities studied. 
These findings provide the first geochemical evidence to support the hypothesis that the 
major complex shell beds formed as a series of condensed parasequences. Combining 
existing data from Kidwell (1982a) with more recent fieldwork allowed for a comparison 
of ecology among three of the four major complex shell beds. Characterizing the ecology 
of the major complex shell beds revealed a striking difference between the community 
composition of the shell beds from the Calvert Formation and those of the Choptank 
Formation, with higher levels of diversity seen in the Late Miocene when compared to 
the Early Miocene. However, future work must focus on more intensive sampling of the 
biostratigraphic intervals within the shell beds to determine the probable biological or 
geological cause of this long-term increase in diversity seen during the Miocene. 
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Introduction 
 For the last two hundred years, the Calvert Cliffs locality (Maryland, USA) has 
served as a testing ground for hypotheses related to taphonomic processes and the 
formation of fossil record (Kidwell et al., 2015). Within the Calvert Cliffs, the Calvert, 
Choptank, and St. Mary's Formations contain some of the best-preserved Miocene fossil 
deposits along the Atlantic Coastal Plain of North America (Kidwell, 1982a). The cliffs 
are composed of cyclic sedimentary packages of Miocene transgressive-regressive 
sequences. Each of these cycles is bounded below by a Thalassinoides-bioturbated basal 
disconformity, which is overlain by a heavily concentrated fossil bed (Kidwell, 1988a). 
The fossil beds above the basal disconformity contain significantly larger proportions of 
skeletal carbonate by volume (20 to 70%) compared to the rest of the formations (0 to 
10%). Four fossil beds have been identified as major complex shell beds in the region 
(Kidwell, 1982a). These beds are several meters thick and incredibly condensed, 
containing complex microstratigraphy that results from the accumulation of multiple 
assemblages into one deposit and the starvation or dynamic by-passing of sediment 
(Kidwell, 1989). Major complex shell beds have been assumed to form on the order of 
supraecological to subevolutionary time scales; however, these claims have never been 
quantitatively investigated (Kidwell, 1982b).  
 This project builds upon the existing literature surrounding the Calvert Cliffs by 
using strontium isotope stratigraphy to calculate the period of major complex shell bed 
formation. There has been much debate in the literature over the origins of the major 
complex shell beds, with some authors suggesting that the beds formed on ecological 
time scales (100-103 yr), while others propose that the beds consist of condensed 
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parasequences deposited on supraecological time scales (104-105 yr) (Kidwell, 1989). 
Calculated dates would provide quantitative data to help better interpret the processes 
behind the formation of the major complex shell beds and have the potential to 
profoundly affect our understanding of the formation of the Calvert Cliffs and similar 
condensed sequences. Through a combination of the strontium isotope ages and 
abundance data, I examined how the concentration and accumulation of fossil material 
over supraecological/subevolutionary time scales affects paleoecological reconstruction. 
The identification of distinct intervals within the Calvert Cliffs locality by Kidwell 
(1982a) provides a means by which to control the approximate age of samples taken from 
different sites by concentrating sampling efforts on the major complex shell beds. A 
comparison of diversity and richness of species among the major complex shell beds also 
allows for an investigation into changes in diversity throughout the Mid-Atlantic 
Miocene (Kidwell, 1982b).  
 I hypothesize that major complex shell beds represent long-term fossil 
accumulation on the order of 105 years, but fewer than 106 years (Kidwell, 1982b). As a 
result of forming in a similar stratigraphic context, with each major complex shell bed 
representing a condensed transgressive systems tract on a sediment starved shelf, each of 
the major complex shell beds will have similar levels of species richness and diversity. 
However, major complex shell beds will differ in community composition, with shell beds 
from the Calvert Formation having distinct assemblages from those of the Choptank 
Formation.  
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Geologic Setting and Fossil Bed Description 
 The Calvert Cliffs have been extensively studied due to the abundance and 
preservation of fossil deposits throughout the region (Shattuck, 1904; Kidwell, 1982a). In 
their entirety, the cliffs represent ~15 million years of fossil deposition in only about 35 
meters of vertical relief, only one-tenth the thickness of the coeval strata located offshore 
in the Baltimore Canyon Trough (Gibson, 1970) (Figure 1). This, combined with the 
excellent exposure of the cliffs along the Chesapeake Bay and a minimal extent of 
lithification, makes the Calvert Cliffs an excellent site for investigating the formation of 
the fossil record.  
 The three members of the Chesapeake Group, the Calvert, Choptank, and St. 
Mary's Formations, are all exposed at the Calvert Cliffs (Kidwell q al., 2015). Each of 
these formations was deposited during the Miocene epoch; the Chesapeake Group in its 
entirety represents deposition throughout the epoch (Kidwell, 1982a) (Table 1). The 
series of outcrops in which the Chesapeake Group are exposed strike along a northeast to 
southwest line and gently dip at an angle of less than one degree, permitting an analysis 
of stratigraphic intervals across a broad study area (Kidwell, 1982a). Outcrops containing 
the Chesapeake Group line the mid-Atlantic Coastal Plain in a band 50 km wide, 
stretching out over a lateral area of about 3,500 km2 (Kidwell, 1989). The Calvert Cliffs, 
a series of natural cliffs reaching 25-35 meters in height, border the Chesapeake Bay on 
the east and west shores of the estuary, from Maryland down to the northern part of 
Virginia (Figure 2) (Kidwell et al., 2015). The cliffs encompass the entirety of the 
outcrop belt of the Choptank Formation, and the northern part of the Calvert Formation. 
Both the southern region of the Calvert Formation and the overlying St. Mary's  
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Figure 1: A comparison of a drill core taken from Atlantic City (red on the map) and a 
core from the Calvert Cliffs (yellow on the map). The period of 5 million years at the 
Calvert Cliffs is marked by approximately 10 m of sediment, while in the Atlantic 
City core the same interval of time is represented by almost 100 m of sediment, 
indicating the starvation of sediment on the proximal shelf. Note that in the Salisbury 
Embayment, the Calvert Cliffs is more landward than Atlantic City. (Adapted from 
Miller and Sugarman, 1995) 
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Table 1: A simplified stratigraphic column of the Calvert Cliffs.  The far right 
column marks the position of several unconformities, named outside to the far 
right of the table, throughout the sequence of the Chesapeake Group at the Calvert 
Cliffs. Ages of the unconformities, estimated from Haq et al. (1987) are given in 
the first column. (Adapted from Kidwell, 1989) 
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Formation are of less interest for this study, due to the paucity of fossils found within 
these units (Kidwell, 1982a). The Calvert and Choptank Formations contain several 
different fossil beds that can be traced out over large portions of each formation, though 
some, like the Camp Roosevelt shell bed, suffered from significant post-depositional 
erosion towards the margins of the basin. 
 The internal stratigraphy of the Chesapeake Group is characterized by several 
disconformity-bounded transgression-regression sequences that occur in repeated cycles 
(Kidwell, 1982a). These hemicycles occur on a 0.5 to 1.0 My time scale, as inferred by a 
correlation of diatom zones from the Calvert Cliffs (Abbott, 1978) to the Neogene 
foraminiferal scheme of Blow (1969) (Figure 3). In the cliffs, these zones subdivide a 
larger regressive record within the two lower members of the Chesapeake Group 
(Kidwell, 1988b). The St. Mary's Formation exclusively contains deepening upward 
hemicycles, with no evidence of shallowing-upward regressive beds (Kidwell, 1988b). 
Throughout the Chesapeake Group, each of the ten transgressive and regressive 
sequences is demarcated by a basal erosional disconformity (Kidwell, 1982a). Generally, 
these layers are followed by a condensed fossiliferous bed (20-70% skeletal carbonate by 
volume) within a layer of fine, well-sorted quartzose sand that quickly transitions into 
poorly-sorted, sparsely fossiliferous (less than 10% skeletal carbonate by volume) facies 
(Kidwell, 1989). These sequences were for the most part deposited in near-shore to 
shallow shelf environments (Kidwell et al., 2015). 
 Four of the basal shell deposits that rest on top of disconformities are classified by 
Kidwell (1982a, b) as major complex shell beds. This category includes the Camp 
Roosevelt, Kenwood Beach, Drumcliff, and Boston Cliff shell beds (Table 2). Major  
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Table 2: A summary of the features of the major shell beds from the Calvert Cliffs locality. The 
Camp Roosevelt shell bed is the thickest, and contains the most shell carbonate by percent volume. 
The Parker Creek bone bed is not considered a major complex shell bed, as it lacks the internal 
stratigraphy and thickness of the other four major complex shell beds (Kidwell, 1989).  	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Figure 3: The transgressive-regressive sequences preserved in the Calvert Cliffs 
(Chesapeake Group). Each sequence, bounded by disconformities, contains one 
cycle of either transgression or regression, with the exception of the PP-1 
sequence, in which PP-2 marks sediment starvation at maximum water depth 
during a high-stand systems tract. Triangles on the right display changes in 
water depth through each cycle. The majority of the Calvert and Choptank 
Formations contain shallowing-up hemicycles (Kidwell et al., 2015). 
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complex shell beds are highly condensed, a term Kidwell (1989) uses explicitly to 
describe a local section that is thin relative to coeval deposits as a result of low net 
sedimentation (Kidwell, 1989). Shelly material, either whole or fragmented, is closely 
packed within the shell bed and the sedimentary matrix has been winnowed out of much 
of the bed (Kidwell, 1982a). Major complex shell beds are quite thick, ranging in scale 
from meters to several meters in thickness, and laterally extensive, stretching across 
several hundred square kilometers at the very least (Figure 4a) (Kidwell, 1982b). The 
beds display moderate variation with respect to bed thickness from locality to locality 
within the Calvert Cliffs, which could be a function of depositional environment, relative 
rates of sedimentation, or post-depositional erosion (Kidwell, 1982a, 1989). In addition to 
their relief, major shell beds are readily distinguished from other facies by having a much 
higher percentage of skeletal carbonate by volume, 40 to 70%, when compared to other 
similar basal shell beds, which only have 20-40% skeletal carbonate by volume (Kidwell, 
1982a).  
Kidwell (1982a; 1986; 1988a; 1988b) and Kidwell and Behrensmeyer (1988) 
carried out an extensive analysis of the taphonomic history and shell packing in the major 
complex shell beds. It was concluded by Kidwell (1989) that the taphonomic history of 
the major complex shell beds indicated an extended period of deposition on the seafloor, 
representing time on the order of 104 to 105 years at most. Major complex shell beds are 
characterized by complex microstratigraphy, with each layer of the shell bed displaying 
different taphonomic processes, varying degrees of reworking of the fossil material, 
changes in species composition, and the extent of shell packing (Figure 5). Taphonomic 
and paleoecological differences between these biostratigraphic layers have allowed for  
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Figure 4 (a): A photograph of the Camp Roosevelt major complex shell bed at the 
Chesapeake Beach locality, outlined in white. (b) The dense packing of shell material 
in the major complex shell bed. (c) A photograph of a minor simple shell bed from 
Shattuck Zones 4-9 (undetermined), below the Camp Roosevelt shell bed at 
Chesapeake Beach. This particular shell bed is a stringer of the gastropod Turritella 
and the bivalve Corbula. Note that the bed is thinner, and much less tightly packed 
than in the major shell beds, reflecting differences in depositional history. 
1	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   5	  cm	  
b	  a	  
	  
30	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the identification of distinct intervals within the major complex shell beds (Figure 6). 
These intervals can often be identified across the entirety of each major complex shell 
bed, and have been interpreted as parasequences that subdivide the transgressive systems 
tract, represented by the major complex shell bed (Kidwell,1982a; 1989; 1997). 
However, the lack of sedimentary features makes it difficult to determine the depositional 
environment of each biostratigraphic section. Similar to the rest of the Calvert Cliffs, the 
major shell beds are heavily condensed with negligible rates of net sedimentation 
(Kidwell, 1982a; Kidwell, 1988b). As a result, definitively establishing a depositional 
environment for these beds is difficult using primary sedimentary features, which have 
largely been destroyed by bioturbation and erosion (Kidwell, 1982a). Paleoenvironmental 
reconstruction has instead relied on a combination of grain size analyses of the remaining 
sediment, as well as an investigation of both microfossil and macrofossil assemblages to 
determine paleoenvironment for the different major shell beds and the intervening non-
fossiliferous intervals (Kidwell et al., 2015). It is inferred that each of the major complex 
shell beds in their entirety were deposited above storm-weather wave base, which would 
correspond to a depth of approximately 30 m on the modern Mid-Atlantic coast of the 
North America; however, a better understanding of the ecology of these biostratigraphic 
sections may yield more information as to their depositional environment (Kidwell, 1997; 
Kidwell et al., 2015).  
 Minor shell beds are found irregularly, both chronostratigraphically and spatially, 
throughout the Calvert Cliffs. These deposits are not found in association with any of the 
disconformities that bound the individual transgressive/regressive sequences. The minor 
shell beds are thin (cm to 10s of cm) irregular stringers or lenses of fossil material that  
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Figure 6: The Camp Roosevelt shell bed, with each of the five biostratigraphic zones 
identified by Kidwell (1989) outlined within the bed. Each major complex shell bed 
rests upon a burrowed basal disconformity: in the Camp Roosevelt, this is followed by 
a dense shell hash (A), topped by a hashy sand with more abundant articulated and 
disarticulated bivalves (B). Atop (B) rests a 30 cm thick bed consisting largely of 
Turritella, before transitioning back into facies (C), which is similar in composition to 
(B). Facies (E) represents interbedded shell-rich and shell-poor sands dominated by 
soft bottom fauna, where the top of the Camp Roosevelt interfingers with the Barren 
interval (Kidwell, 1989). 
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exist within the extent of a single facies (Figure 4b) (Kidwell, 1982b). Laterally, these 
beds never extend past the locality at which they are found, making the taphonomic 
history of these beds easy to trace. Minor shell beds are believed to be the result of small 
scale and single-event reworking and condensing of existing biogenic assemblages, either 
from several sites or from within the same site. However, a clearer picture of how the 
formation of these beds impacts the preservation of diversity is important to our 
understanding of the formation of the Chesapeake Group, Calvert Cliffs, and the major 
complex shell beds (Kidwell, 1982a). Interestingly, minor shell beds display a lesser 
degree of packing when compared to the major shell beds, despite the fact that the major 
complex shell beds are an order of magnitude thicker than the minor shell beds (Kidwell, 
1982b). A comparison of major complex to minor simple shell beds may have interesting 
implications for the reconstruction of fossil diversity through the history of the 
Chesapeake Group, perhaps demonstrating that major complex shell beds do not 
represent periods of higher diversity than minor simple shell beds, but that each shell bed 
type represents periods of higher or lower sedimentation, respectively (Kidwell, 1982a). 
 Despite several decades of work investigating the fossil beds of the Calvert Cliffs, 
no attempt has been made to definitively measure the time period over which any of the 
major complex shell beds formed. While previous authors have attempted to estimate the 
time scales over which the minor and major complex beds accumulated using qualitative 
analyses, these estimates have been largely based on ecological and evolutionary 
evidence (Kidwell, 1982a; Kidwell, 1982b; Kidwell, 1989). Biostratigraphic sections of 
the shell beds, which are considered to represent individual parasequences, were assumed 
to have formed over shorter time scales, on the order of tens of thousands of years at the 
	   21	  
very most. On the other hand, major shell beds are composed of several biostratigraphic 
layers of fossil deposits, condensed and sometimes mixed together. These were inferred 
to have formed over a period on the order of 104 to 105 years, in what was termed a 
supraecological, or subevolutionary, time scale (Kidwell, 1982b; Kidwell, 1989). 
However, no study has attempted to further investigate this claim with quantitative 
evidence. A more accurate estimation of fossil bed formation would help to not only 
better understand the major complex shell beds themselves, but also to better evaluate 
hypotheses regarding the processes and conditions that led to the formation of these 
deposits.  
 The focus of this study is the Camp Roosevelt shell bed, a major complex shell 
bed that lies near the base of the Calvert Formation (Kidwell, 1982b). This interval was 
chosen from the four major complex shell beds for several practical reasons. The Camp 
Roosevelt shell bed is consistently the thickest shell bed throughout the Chesapeake 
Group, and contains the most shell material by percent carbonate by volume (Kidwell, 
1989). It is also stratigraphically located closest to the base of the cliffs making it easily 
accessible in down-dip outcrops of the Calvert Formation (Kidwell, 1989). Formed 
during some of the earliest deposition in the Calvert Formation, the Camp Roosevelt shell 
bed was deposited in the early Miocene, during a period of time when the strontium 
isotope curve is at its steepest throughout the epoch. This allows for the highest-possible 
strontium isotope dating resolution among any of the four major complex shell beds in 
the Chesapeake Group (McArthur et al., 2001).  
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Strontium Isotope Dating  
 The difficulty of geologically dating Miocene shell beds is that there are few 
methods by which to date shells from the period between 23 and 5.7 million years ago. 
Inexpensive and repeatable methods such as amino acid racemization and highly accurate 
methods such as U-Th decay chains are not applicable to this time period, as neither can 
date fossils past the age of few million years even in the most optimal of circumstances 
(Clarke and Murray-Wallace, 2007; Zhao et al., 2009). Instead, past research in the 
Miocene has heavily relied upon using strontium isotope ratios to match fossils to data 
points on a sea-level reference curve for the Miocene (DePaolo and Finger, 1991; Hodell 
and Woodruff, 1994; Eidvin et al., 2014). With the high precision of 87Sr/86Sr 
measurements, strontium isotope stratigraphy has become a reliable and accurate way to 
date Miocene fossils (DePaolo and Finger, 1991; Eidvin et al., 2013).  
 The ratio of 87Sr to 86Sr in seawater has fluctuated throughout time as the result of 
the weathering of continental rock and river runoff, which raises the 87Sr/86Sr ratio of 
seawater, and processes that lower or buffer changes to the ratio, such as hydrothermal 
processes, volcanic eruptions, and the dissolution of marine carbonate (Hodell and 
Woodruff, 1994). Given the residence time of marine strontium (2-4 My) and the rate of 
ocean mixing, it is possible to model the relationship between 87Sr and 86Sr throughout 
geologic time on a global scale (McArthur et al., 1998). Fluctuations in the 87Sr/86Sr ratio 
have been modeled through the Phanerozoic back to the late Cambrian using a 
nonparametric Locally Weighted Scatterplot Smoother (LOWESS) statistical regression 
function, which combines multiple regression models into a single meta-model with a 
high confidence interval (Figure 7) (McArthur et al., 2001). While not initially used for  
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Figure 7: An excerpt of the strontium isotope curve from McArthur (2017), with the 
curve marked by the blue line and error bars on either side of the curve in black. The 
rate of 87Sr/86Sr in the early Miocene is the steepest part of the curve during the 
Cenozoic; it is also one of the best-constrained segments of the entire strontium 
isotope curve. Both these characteristics allow for the use of the strontium isotope 
curve for high-resolution dating during the early Miocene.  
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dating fossils, the high rate of change in parts of the strontium isotope curve in the late 
Cenozoic makes it a convenient tool for dating fossils with a high level of precision 
(McArthur et al., 2001; Howarth and McArthur, 2004). The Oligocene-Miocene 
boundary and the early Miocene display some of the most dramatic increases in 87Sr/86Sr 
throughout the Phanerozoic, making fossils from this time period excellent candidates for 
dating using strontium isotope stratigraphy (Hodell et al., 1991). Past work on the 
Chesapeake Group using strontium isotope stratigraphy to constrain the ages of erosional 
unconformities has established that the method is viable even in near-shore environments 
and demonstrated its usefulness in estimating time in condensed sequences (Browning et 
al., 2006). 
 
Paleoecology and the Preservation of Diversity 
 The study of ancient organisms and communities has allowed paleobiologists to 
better understand both the geological history of Earth, as well as the evolution of life 
through deep time. However, one of the major complications when studying past life is 
that the main source of information, the fossil record, is rarely complete. Additionally, 
processes that influence the formation of the fossil record can significantly alter the 
composition of a fossil deposit over time. Taphonomic processes, such as decay, the 
dissolution of bone and shell, and time averaging, strip away biological information from 
the fossil record. These same processes can also skew paleoecological analyses by 
artificially inflating the occurrence of taxa with a high preservation potential (Kidwell 
and Behrensmeyer, 1988).  
 Methods such as controlling for depositional environment, study taxa, and sample 
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collection have allowed paleobiologists to minimize bias by standardizing sample 
collection. For example, focusing paleoecological analyses on fossils deposits formed in 
shallow shelf environments helps diminish bias by studying environments where the 
potential for fossilization is increased for all taxa, and thus deposits will more accurately 
reflect the original community (Bambach, 1977; Valentine, 1989). Many studies often 
focus on marine taxa that produce hard shells and have high preservation potentials, such 
as gastropods and bivalves, as these groups have some of the most complete fossil 
records among any taxa (Raup, 1976; Kidwell and Holland, 2002). Additionally, 
standardizing for lithification and specimen size both help to prevent bias within and 
among data sets (Kowalewski et al., 2006). Methods such as standardizing for the 
lithology of collection sites and setting a minimum size for collected specimens are now 
common measures taken in paleoecological studies (Powell and Kowalewski, 2002; 
Alroy et al., 2008). More recent research has expanded the scope of paleoecology by 
applying methods used in modern ecology to investigate the fossil record. Along with 
alternative methods of quantifying the number of recorded specimens, methods such as 
rarefaction have been used to standardize different samples of varying sizes, helping to 
reduce the effects of sampling bias (Alroy, 2010). In addition, metrics borrowed from 
modern ecology, such as evenness, rarefaction curves, and the Shannon-Wiener index, 
and ordination analyses, such as detrended correspondence analysis and nonmetric 
multidimensional scaling, can be applied to the fossil record to better understand the 
structure of ancient ecosystems through time (Sepkoski, 1988; Wagner et al., 2006). 
 The Calvert Cliffs locality is unusual in that, despite its age, it remains unlithified. 
Its depositional environment optimized preservation potential and its taphonomic history 
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has been well documented by past studies, such as in Kidwell (1988a): these factors make 
it the ideal location for paleoecological research. However, few researchers have 
conducted basic paleoecological investigations of the Calvert Cliffs. Measurements of 
diversity and evenness have never been calculated for any of the major shell beds. This 
presents an opportunity for the analysis of ecology and community structure throughout 
the Maryland Miocene. Furthermore, a paleoecological comparison of the major complex 
shell beds using techniques such as detrended correspondence analyses (DCA) and 
cluster analyses could reveal new information about the major complex shell beds, such 
as the processes that lead to their formation, their depositional environment, and other 
environmental factors that impacted the ecology of the shell beds. This, coupled with data 
on the period of fossil bed formation for our strontium isotope analysis, would provide 
new insight into the formation of the major complex shell beds at the Calvert Cliffs. 
 
Methods and Analysis 
Field methods 
 I conducted fieldwork at three localities at which the Camp Roosevelt shell bed 
cropped out: Chesapeake Beach, the Willows, and Camp Kaufman, all along the western 
coast of the Chesapeake Bay in Solomons, Maryland (Figure 8). To supplement the 
material that was collected during fieldwork, I obtained Chesapecten nefrens specimens 
for isotope analysis from the Yale Peabody Museum’s collections from previous work at 
the cliffs done by Kidwell (1982a). Ecological data from Kidwell (1982a) on sites and 
major complex shell beds not visited during the course of fieldwork were also used to 
supplement my ecological data. 
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Figure 8: A satellite image with the localities visited at the Calvert Cliffs during 
fieldwork (Solomons, MD) (images from Google Earth). Bulk samples of gastropods 
and bivalves were collected from the top and bottom of the Camp Roosevelt shell bed 
at Chesapeake Beach and The Willows. Chesapecten for 87Sr/86Sr analysis were 
collected from the top and bottom of the shell bed at these localities as well. At Camp 
Kaufman, only Chesapecten for 87Sr/86Sr analysis were collected from the top of the 
bed. Ecological data from Camp Roosevelt was compiled from Kidwell (1982): 
Chesapecten from the Camp Roosevelt locality were obtained from the Yale Peabody 
Museum. 
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Bulk samples of approximately 30 kilograms were collected from the top and 
bottom of the Camp Roosevelt shell bed at the Chesapeake Beach and The Willows 
localities. Sampling was limited due to concerns of cliff stability, which at many sites has 
resulted in a complete ban on the collection of fossil material directly from the cliffs. At 
each locality, bulk samples of unnamed minor shell beds were also collected, either 
directly from the cliff or, when possible, from cliff falls that could be traced back to a 
distinct minor shell bed within the cliffs. Minor shell beds were selected from the 
intervals directly above and below the Camp Roosevelt shell bed (Shattuck Zones 4-9 
and 11), as no thorough list of minor shell beds currently exists for the entire Calvert 
Cliffs region. Due to the fragility of the fossil material and cohesiveness of the sediment, 
it was difficult to maintain a uniform sampling size when sampling the minor shell beds, 
especially given the thinness of the shell beds. However, I was able to standardize 
samples for the volume of fossil material collected from the minor simple shell beds 
while out in the field. Although they were originally intended to be included in this study, 
samples from the minor simple shell beds were saved for a future project comparing the 
ecology of the major complex and minor simple shell beds. 
 
Strontium isotope analysis 
 The bivalve Chesapecten nefrens is one of the most common taxa in the Camp 
Roosevelt shell bed, and occurs in samples taken from throughout the shell bed (Kidwell, 
1982a). The shell of Chesapecten nefrens is primarily calcite. At the Earth's surface, 
calcite is more chemically stable than aragonite, another common polymorph of calcium 
carbonate that is a major component of most gastropod and other bivalve shells. The 
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resistance of the shell to diagenetic alteration increases the chance that the original 
87Sr/86Sr ratio is preserved in the fossilized shell. 
 Both the abundance of Chesapecten nefrens and the chemical stability of its shell 
make it an ideal taxon for 87Sr/86Sr isotope analysis at the Calvert Cliffs. At each locality, 
10-20 valves of Chesapecten nefrens were collected from both the top and bottom of the 
Camp Roosevelt shell bed (Figure 8). Valves were removed from the Camp Roosevelt 
shell bed by hand as opposed to selecting shells from our bulk samples, in order to collect 
whole valves from the upper and lower contacts of the shell bed. At Camp Kaufman, 
where the top ~30 cm of the Camp Roosevelt shell bed and its transition to Shattuck Zone 
11 are exposed, all shells were taken from the top of the shell bed and labeled as such, 
regardless of their position in the local exposure. In our sampling, emphasis was placed 
on selecting valves that were located as close to the upper and lower contacts of the shell 
bed as possible. Twenty shells were also collected from the Yale Peabody Museum as 
possible candidates for strontium isotope analysis, with a similar emphasis on sampling 
shells from units located towards the upper and lower contacts of the shell bed. 
 Each of the valves collected from my fieldwork and from the Yale Peabody 
Museum was weighed and then broken in half as a preliminary test for diagenetic 
alteration. Of these valves, 31 were selected for 87Sr/86Sr isotope analysis based on the 
preservation of the shell: 16 valves from the bottom and 15 valves from the top of the 
Camp Roosevelt shell bed. Each of the valves was broken into sub-10 mg fragments, 
which were then viewed under a microscope to visually inspect for diagenetic alteration. 
Visual inspection of fragmented calcite under a microscope provides a reliable and 
repeatable method for determining the extent of diagenetic alteration (McArthur et al., 
	   30	  
2007). Fragments were also sent to Dr. John McArthur at University College London to 
confirm the results of my own visual inspection. 
 Strontium isotope analyses were carried out successfully on 30 valves using a 
1986 VG354 thermal ionization mass spectrometer (TIMS) at Royal Holloway University 
of London, under the supervision of Dr. Matthew Thirlwall. In order to further remove 
error resulting from diagenetic alteration, samples with 87Sr/86Sr values that fell well 
beyond the range of the early Miocene were omitted from our analysis. 87Sr/86Sr values 
were then converted into age estimates using a table provided by McArthur (pers. com., 
2017) and the conversion methods from Eidvin et al. (2013), which utilized the strontium 
isotope curve to calculate the age of shell material from the Miocene. The dates obtained 
from our analyses allow us to constrain the ages of the top and bottom of the Camp 
Roosevelt major complex shell bed and estimate how long it took for the shell bed to 
accumulate. Although the resolution of strontium isotope stratigraphy is not enough to 
permit a thorough analysis of time averaging within the bed, outliers that fall within the 
acceptable 87Sr/86Sr range for the early Miocene provide us with some information about 
how mixing processes may have affected the formation of the major complex shell beds 
at the Calvert Cliffs. 
 
Paleoecological analysis 
 Paleoecological analyses focused on bivalves and gastropods, the dominant taxa 
in the major complex and minor simple shell beds at the Calvert Cliffs (Kidwell, 1982a). 
These taxa are preferred for paleoecological analyses of the marine fossil record due to 
their broad stratigraphic range, high preservation potential, and abundance in the fossil 
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record (Bambach, 1977; Kidwell, 1982a; Alroy et al., 2008). Bivalves from bulk samples 
were counted by tallying the total number of left and right valves and then dividing by 
two to approximate the number of complete individuals in each bulk sample. Gastropod 
data were collected by choosing the maximum number of either apertures or apices for 
each species present in each sample. Presence and absence data were also recorded for 
each bulk sample. It was not possible to collect ecological data from the minor simple 
shell beds. Specimens were identified using Clark et al. (1904), supplemented by more 
recent field guides, including Ward and Andrews (2008), for more accurate assessments 
of modern classifications at both the genus and species level. Taxonomic identifications 
were then cross-referenced with Kidwell (1982a) to ensure that specimens were properly 
identified. Ecological data, including life habit and preferred bottom substrate, were 
collected from the Paleobiology Database; as preferred water depth was not available for 
Miocene taxa, modern analogues were obtained from Malacolog, an online database on 
Western Atlantic mollsuc species, and water depth preference was then simplified to the 
genus level (Alroy and Marshall, 1998; Morris and Rosenberg, 2005). 
 Ecological data from my bulk samples and from Kidwell (1982a) on the four 
major complex shell beds were grouped in two ways. Individual samples were first 
grouped by major complex shell bed, in order to compare ecology among the four major 
complex shell beds. Samples were then categorized based on their position within each 
shell bed and were binned into three groups, consisting of samples collected from the top, 
middle, and bottom of each major complex shell bed, to allow both DCA and cluster 
analyses to be run on the data. Information on the location and stratigraphic position of 
samples collected by Kidwell (1982a) made it possible to categorize samples in a 
	   32	  
consistent manner for all major complex shell beds; however, issues arose when 
attempting to organize data across localities, and prevented the organization of data by 
biostratigraphic intervals. As a result, while the bottom, middle, and top divisions 
represent chronostratigraphic relationships, they do not necessarily represent distinct 
intervals within the shell beds. Grouping samples chronostratigraphically for each shell 
bed in addition to arranging samples by major complex shell bed enables an investigation 
into changes in community composition for each major complex shell bed, which could 
corroborate the time of bed formation calculated from my strontium isotope data. After 
compilation, data sets for both the major complex shell beds and shell bed sections were 
then rarefied down to 400 specimens per shell bed and 200 specimens per shell bed 
section before conducting analyses. 
 Detrended correspondence analyses (DCA) and cluster analyses were run on the 
chronostratigraphic data sets assembled from the top, middle, and bottom of each major 
complex shell bed. To facilitate analysis, and due to the large number of singletons within 
the data set, all samples were analyzed at the genus level. Any remaining singletons at the 
genus level were then omitted from the analysis as such occurrences can bias the 
interpretation of ecological data sets (Payne and Finnegan, 2006). Conducting these 
analyses on the chronostratigraphic data sets allowed a quantitative assessment of 
patterns in community structure for each major complex shell bed and for the 
identification of changes in environment that may have been responsible for the changes 
to community structure. Additionally, comparing the grouping of bed sections and taxa 
through both a cluster analysis and a DCA was useful in determining differences among 
ecology of the major complex shell beds, and further investigating patterns in diversity 
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throughout the Mid-Atlantic Miocene.  
 DCA was conducted using the open-source software program R (R Core Team, 
2016). The package Vegan was added to R to facilitate the process of coding a DCA 
(Oksanen et al., 2017). Cluster analyses were conducted using the open-source software 
PAST3 using Ward's method to minimize within-group variance, and a Euclidean 
similarity index to determine the distance between branches on the tree (Hammer et al., 
2001). In addition to these comparative analyses, I used standard ecological metrics to 
characterize the ecology of the major complex shell beds. These included species 
richness, the number of species in an assemblage, Pielou's evenness, how abundance is 
distributed between different species, and the Shannon-Weiner index, a measurement of 
diversity. For these analyses, data sets from three of the major complex shell beds, the 
Camp Roosevelt, Drumcliff, and Boston Cliffs, were rarefied down to 400 specimens. 
The fourth shell bed, the Kenwood Beach, did not have a large enough sample size to 
permit comparison. This process of random resampling was repeated 10 times for each 
major complex shell bed, to allow me to test for statistically significant differences in the 
ecology of the major complex shell beds. As the chronostratigraphic shell bed sections 
were not representative of distinct biostratigraphic assemblages, these sections were 
omitted from this portion of the ecological analysis. 
 
Results  
Strontium isotope data 
 In total, 30 of the 31 of the Chesapecten samples sent to Royal Holloway 
University of London were successfully measured for 87Sr/86Sr values (Table 3).  
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Sample ID 87Sr/86Sr Adjusted 87Sr/86Sr Error Age (Mya) 
Age Range 
(Mya) 
CB 1 BS 0.708666 0.708677 0.000007 16.65 16.75-16.55 
CB 2 BS 0.708671 0.708682 0.000007 16.60 16.7-16.50 
CB 3 BS 0.708669 0.708680 0.000008 16.65 16.75-16.50 
CB 7 BS 0.708665 0.708676 0.000007 16.70 16.75-16.60 
CB 2 TS 0.708689 0.708700 0.000006 16.30 16.40-16.25 
CB 3 TS 0.708713 0.708724 0.000008 16.00 16.10-15.90 
CB 4 TS 0.708708 0.708719 0.000006 16.05 16.15-16.00 
CB 5 TS 0.708713 0.708724 0.000008 16.00 16.10-15.90 
CR 1 BS 0.708664 0.708675 0.000008 16.70 16.80-16.60 
CR 3 BS 0.708688 0.708699 0.000006 16.35 16.45-16.25 
CR 8 BS 0.708682 0.708693 0.000006 16.45 16.50-16.35 
CR 9 BS 0.708666 0.708677 0.000007 16.65 16.75-16.55 
CR 18 TS 0.708720 0.708731 0.000008 15.90 16.00-15.80 
CR 19 TS 0.708714 0.708725 0.000007 16.00 16.10-15.90 
CR 20 TS 0.708725 0.708736 0.000008 15.85 15.95-15.70 
CR 21 TS 0.708721 0.708732 0.000012 15.90 16.05-15.75 
WI 1 BS 0.708734 0.708745 0.000016 15.70 15.95-15.45 
WI 2 BS 0.708720 0.708731 0.000007 15.90 16.00-15.80 
WI 3 BS 0.708682 0.708693 0.000006 16.45 16.50-16.35 
WI 10 BS 0.708668 0.708679 0.000006 16.65 16.75-16.55 
WI 11 BS 0.708664 0.708675 0.000007 16.70 16.80-16.60 
WI 12 BS 0.708717 0.708728 0.000008 15.95 16.05-15.85 
WI 14 BS 0.708680 0.708691 0.000007 16.45 16.55-16.35 
WI 3 TS 0.708736 0.708747 0.000006 15.65 15.75-15.60 
WI 5 TS 0.708727 0.708738 0.000006 15.80 15.90-15.70 
CK 1 TS 0.708765 0.708776 0.000006 15.20 15.30-15.10 
CK 3 TS 0.708758 0.708769 0.000007 15.35 15.45-15.20 
CK 4 TS 0.708759 0.708770 0.000007 15.30 15.45-15.20 
CK 6 TS 0.708759 0.708770 0.000007 15.30 15.45-15.20 
CK 9 TS 0.708761 0.708772 0.000006 15.30 15.45-15.20 
Table 3: Strontium isotope results for 30 of the specimens sent to Royal Holloway 
University of London for analysis. Sample IDs are listed in the first column (CB = 
Chesapeake Beach, CR = Camp Roosevelt, WI = Willows, CK = Camp Kaufman; BS = 
Bottom Section, TS = Top Section). 87Sr/86Sr ratios were adjusted to a value of 0.710237 
(± 0.000007) for the measured average value of the NIMS 987 Standard. Ages were then 
calculated using LOWESS 5, with error being factored in to our calculation of age ranges 
(McArthur pers. com., 2017). 
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Certain localities contained shells with clear evidence of alteration, with 87Sr/86Sr values 
clustering away from the mean values of the other three localities (Figure 9). These data 
were included in my analysis to better understand the effect of diagenesis on the 
interpretation of my geochemical data. Calcite samples from Chesapecten were run over 
the period of September 2016 to February 2017. Over that period, the measured value of 
strontium carbonate isotopic standard NIST 987 was 0.710237 (± 0.000007), within a 
range of 0.000011 of the value of the NIST 987 standard. The data were adjusted to a 
value of 0.710248 for NIST 987 using the difference between measured standards and the 
actual value, as the 2sd (± 0.000007) of the standard was similar to the sample error of 
2se (± 0.00008). 
 The average adjusted 87Sr/86Sr value from the bottom of the Camp Roosevelt 
major complex shell bed was 0.708693 (± 0.00008). Fitting this value to LOWESS 5 
strontium isotope curve provided to us by Dr. John McArthur (pers. com., 2017) places 
the bottom age of the shell bed at 16.45 (± 0.10) Ma. The average 87Sr/86Sr ratio from the 
top of the Camp Roosevelt was 0.708742 (± 0.00008), which places the top of the bed at 
an average age of 15.75 (± 0.10) Ma. However, excluding the shells from the Camp 
Kaufman locality, which displayed some of the worst preservation of all four sampling 
localities, the average value for the top of the bed drops to 0.708728 (± 0.00008), with an 
average age of 15.95 (± 0.10) Ma. These results suggest that the Camp Roosevelt shell 
bed formed on a subevolutionary time scale, on an order of magnitude of 105 years at 
most, corroborating the qualitative analysis of Kidwell (1982b) (Figure 10). 
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Paleoecological data 
 Molluscan bulk samples collected from the Camp Roosevelt shell bed for this 
project yielded 2,753 specimens. When combined with the ecological data from Kidwell 
(1982a), the resulting data set contained a total of 8,219 specimens across all four major 
complex shell beds, comprised of 167 species representing 67 genera (Appendix A). The 
combination of the two data sets also raised the total specimen count from the Camp 
Roosevelt (N = 3,411) to permit a thorough comparison of the Camp Roosevelt and the 
Drumcliff major complex shell bed (N = 3,706). The other two major complex shell beds, 
the Kenwood Beach (N = 52) and Boston Cliffs (N = 954), were under-represented by 
comparison; however, the Boston Cliffs had a large enough sample size to be compared 
to the Camp Roosevelt and Drumcliff shell beds (Appendix B). Rarefaction curves for 
each of the major complex shell beds are displayed in Figure 11. 
 Across-shell bed comparison was accomplished through a combination of 
quantitative ecological indices and DCA analysis of the shell bed sections to observe 
where shell bed sections and taxa clustered along different axes. Taking the average of 
the 10 rarified samples for each major complex shell bed, species evenness was roughly 
equivalent between shell beds (CR 𝐸H: 0.76; DC 𝐸H: 0.77; BC 𝐸H: 0.78). In contrast, 
species richness among the major complex shell beds greatly varied between shell beds 
(CR 𝑅: 42; DC 𝑅; 56; BC 𝑅: 50). Shannon-Weiner diversity also showed large variance 
among the shell beds, with a seeming increase in diversity from the Camp Roosevelt to 
the Boston Cliffs shell bed (CR 𝐻: 2.84; DC 𝐻: 3.10; BC 𝐻: 3.06) (Table 4).  
 The eigenvalues from the DCA analysis of the shell bed sections show that the 
first three axes explain upwards of 90% of the variation, with the first axis containing  
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Figure 11: Rarefaction curves for the three major complex shell beds analyzed in this study. 
Note that none of the curves begin to reach an asymptote before 3,000 specimens, meaning 
the full diversity of each shell bed may not be captured by the current data set. The Drumcliff 
shell bed has the highest richness of all three shell beds; however, the sample size of the 
Boston Cliffs makes it clear that the sample size may not adequately reflect the ecology of the 
shell bed. 
	   40	  
 
  
Table 4: Ecological data calculated from
 each of the 10 rarified sam
ples random
ly selected from
 
the C
am
p R
oosevelt, D
rum
cliff, and B
oston C
liffs m
ajor com
plex shell beds.  The average of 
each ecological m
etric for each shell bed is listed in the final row
 of the table. O
f the three m
ajor 
com
plex shell beds, the D
rum
cliff has the highest species richness and diversity, w
hile the C
am
p 
R
oosevelt has the low
est diversity and species richness am
ong the three shell beds  
	   41	  
50% of the variation seen within the data set alone (λ1 = 0.4971; λ2 = 0.2421; λ3 = 0.1726) 
(Figure 12 and 13; Genus-level dataset in Appendix C; DCA output in Appendix D). 
Visual inspection of the first axis reveals a clear distinction between the sections of the 
Camp Roosevelt shell bed and the Drumcliff and Boston Cliff shell beds. While the 
Drumcliff and Boston Cliff shell bed sections plot towards the negative end of the first 
axis, the Camp Roosevelt sections plot in the positive values (Figure 12). Rerunning the 
data with shell bed totals included in the data matrix does not affect the distribution of the 
data. The placement of the shell beds within the clusters formed by each set of shell bed 
sections reveals that the clustering of taxa and bed sections reflects existing differences 
between the ecology of the three shell beds and variation among the shell bed sections 
themselves. Genera virtually exclusive to the Camp Roosevelt shell bed such as Corbula, 
Chione, and Glycymeris plot to the right of the Camp Roosevelt sections along the first 
axis, while taxa common to each of the three shell beds, such as Chesapecten and Astarte, 
cluster towards the origin of the plot. Taxa dominant in the Drumcliff and the Boston 
Cliffs shell beds, including Spisula and Caryocorbula, plot closer to the far left of the 
first axis. The distribution of data along the first axis implies that the community 
composition of the Camp Roosevelt shell bed is distinct from that of the Drumcliff and 
Boston Cliffs shell beds, though the latter two are similar in composition. No such 
uniform grouping of taxa and shell bed section are evident on the third, or fourth axes and 
require further interpretation (Figure 13). However, it is worth mentioning that on the 
second axis, the bottom sections from the Drumcliff and Camp Roosevelt shell beds plot 
at much higher positive values than the middle or top sections for their respective shell 
beds. 
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Figure 12 (a): Plot displaying the position of the major complex shell bed sections 
on the first two axes of the DCA. Note that the Camp Roosevelt shell bed sections 
plot towards the positive end of the first axis, while the Drumcliff and Boston Cliffs 
shell beds plot towards the negative end of the axis- this is shown by the gradient 
from blue (Calvert Fm.) to orange (Choptank Fm). (b) Plot displaying the position 
of genera on the first two axes of the DCA. Taxa virtually exclusive to the Camp 
Roosevelt shell bed sections (i.e., Glycymeris) plot towards the positive end of the 
first axis, while taxa common to all shell bed sections plot about the origin. See 
Appendix D for information on bed section and taxa scores. 
a	  
b	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Figure 13 (a): Plot displaying the position of the major complex shell bed sections 
on the third and fourth axes of the DCA. As opposed to the first two axes, there is 
no arrangement of bed sections that could indicate separation between the ecology 
of the Calvert and Choptank Formation shell beds, or placement of bed sections in 
terms of water depth. (b) Plot displaying the position of genera on the third and 
fourth axes of the DCA. There is a wider spread in the range of scores of genera on 
these axes when compared to shell bed sections. See Appendix D for information 
on bed section and taxa scores. 
 
a	  
b	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In order to confirm the findings from the DCA, the same genus-level data set was 
rerun using a hierarchical cluster analysis in PAST. The output from the DCA run using 
R was corroborated by the cluster analysis, which showed similar trends to those 
described on the first axis of the DCA (Figure 14). The Camp Roosevelt bed sections 
clustered separately from either the Drumcliff or Boston Cliffs bed sections, which 
occupied a separate branch of the tree. At the same time, Drumcliff and Boston Cliffs 
sections were nested within one another, reflecting the close similarity in ecology 
between the two shell beds. Additionally, both the bottom sections of the Camp 
Roosevelt and Drumcliff shell beds plotted as an out-group to the branch containing the 
middle and top sections of their respective shell beds; however, unlike the DCA, the 
bottom section of the Boston Cliffs shell bed was distinct from the middle and top 
sections, as observed with the other two shell beds. 
 
Discussion 
The period of major complex shell bed formation 
 The Calvert Cliffs pose a challenge for strontium isotope stratigraphy. A 
combination of highly condensed sequences and high levels of bioturbation and 
diagenesis severely complicates the application of the technique to the Maryland 
Miocene (Miller and Sugarman, 1995). A visual analysis of my data reveals that while 
the majority of shells were seemingly sheltered from the worst of physical or chemical 
alteration, certain shells sampled in this study experienced either significant transport or 
diagenetic alteration (Figure 10). For example, at the Willows locality it would be 
unlikely that shells collected from the bottom of the bed would have been deposited after  
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Figure 14: Cluster analysis of the major complex bed sections ran in PAST3. Similar to the 
first axis of the DCA, the Camp Roosevelt shell bed sections plot on a separate part of the 
tree from both the Drumcliff and Boston Cliff shell bed sections. The latter two major 
complex shell beds are nested on the tree, implying that there are close similarities in 
ecology between the bed sections, and thus the shell bed themselves. Similar to the second 
axis of the DCA, the bottom sections of the Camp Roosevelt and Drumcliff shell beds plot 
as a separate branch and are distinctive from their bed sections.  
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the shells found at the top without significant time-averaging and mixing of the shell bed.  
 In spite of this, there appears to be reasonable agreement across my data from the 
bottom of the shell beds, and more importantly in values obtained from across different 
localities. This suggests that diagenetic alteration of most shells is either low or negligible 
(McArthur et al., 1998). The 87Sr/86Sr values obtained from Chesapecten specimens near 
the bottom of the Camp Roosevelt shell bed, or just above the PP-1 disconformity, are for 
the most part concordant with an average 87Sr/86Sr value of 0.708693 (2s.d. = 0.000046), 
which corresponds to an age of 16.45 Ma. Given that previous studies have accepted a 
range of 0.00003 as indicative of well-preserved isotope ratios, it is clear that there are 
outliers in my data set (McArthur et al., 1998). If I apply the standard deviation to the 
data, only one data point, WI 1 BS, falls outside the acceptable range of 95% of the data. 
However, the data points WI 1 BS, W 2 BS, and W 12 BS, all plot at the same 87Sr/86Sr 
ratio that is seen for shells taken from the top of the shell bed. This would suggest that 
these shells were transported from the top of the bed to the bottom or severely altered by 
diagenesis, or a combination of both. Given that the 87Sr/86Sr ratio of seawater has 
continued to rise for the past 40 million years, I would expect to see higher 87Sr/86Sr 
values if shells were openly exchanging ions with seawater (McArthur, 2010). As the 
Camp Roosevelt shell bed was deposited just above storm wave base, either hypothesis 
regarding the altered state of these shells is probable (Kidwell, 1982a). If I remove these 
outliers from the data set, I obtain an 87Sr/86Sr value of 0.708683 (2s.d. = 0.000016), or 
an age of deposition of about 16.60 Ma, and the remaining eleven shells are within an 
acceptable range of values for unaltered or lightly altered shells. 
 Previous researchers have studied the 87Sr/86Sr sequence of the Calvert Cliffs in 
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an attempt to correlate the regional disconformities to the sea level curve published by 
Haq et al. (1987). Miller and Sugarman (1995), in their attempt to apply strontium 
isotope stratigraphy to the Calvert Cliffs, found that bioturbation and diagenetic overprint 
made it difficult to date the basal disconformities that underlie the major complex shell 
beds and to interpret the sequence preserved in the cliffs. The original data from Miller 
and Sugarman (1995) gives an average 87Sr/86Sr value of 0.708747, which was then 
converted to an age of ~16.5 Ma in their original study. However, revisiting the published 
87Sr/86Sr values and converted ages from Miller and Sugarman (1995) with the updated 
strontium isotope curve (McArthur pers. com., 2017) gives an average age of 15.60 Ma, 
well beyond the age range for the PP-1 sequence proposed in the original Miller and 
Sugarman (1995) study (~16.9-16.3 Ma). Fortunately, the 87Sr/86Sr values collected at or 
above the PP-1 boundary in Miller and Sugarman (1995) do not correlate with the data 
collected for this project. Similar studies have also failed to produce concordant ages for 
the PP-1 boundary. The fact that my 87Sr/86Sr values fall closer to the age range from Haq 
et al. (1987) would imply that my samples are well preserved and capture the original 
87Sr/86Sr values of the shell, making these ages the current best estimate for the bottom of 
the Camp Roosevelt major complex shell bed. 
 87Sr/86Sr values obtained for the upper contact of the Camp Roosevelt shell bed 
have an average value of 0.708742 (2s.d.= 0.000047), or an average age of approximately 
15.75 Ma. Interestingly, all data points fall within two standard deviations of the data. 
There is a clear difference in 87Sr/86Sr values between the samples collected from Camp 
Kaufman (87Sr/86Sr = 0.708771; 15.30 Ma) and the samples collected from the Willows, 
Camp Roosevelt, and Chesapeake Beach (87Sr/86Sr = 0.708730; 15.90 Ma). As the range 
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of data also falls well outside of the values used to assess how well-preserved the original 
strontium ratios are in fossil shell material, either some or all of the data retrieved from 
the top of the shell bed has been affected by diagenetic alteration, bioturbation, or both.  
 The 87Sr/86Sr values from Camp Kaufman are both incredibly uniform (2 s.d.= 
0.0000056) and cluster separately from data collected from other localities. Either Camp 
Kaufman represents pristine ages, and is the correct age calculation for the top of the 
Camp Roosevelt shell bed, or the shells from Camp Kaufman have, under some set of 
circumstances, undergone incredibly uniform diagenetic alteration. The latter would be 
less likely, as diagenetic alteration often increases noise within the data, rather than 
making it more uniform (Kaste pers. com., 2017). This means that there are two distinct 
possibilities: either the dates from Camp Kaufman are correct and the Camp Roosevelt 
shell bed formed over the period of 1 My, or the dates from the other three localities are 
accurate and the Camp Roosevelt formed over a period of roughly 500 kyr. Determining 
the accuracy of the Camp Kaufman dates is therefore crucial to my understanding of the 
Calvert Cliffs. 
 Between Chesapeake Beach, the northern most locality of the Camp Roosevelt 
shell bed, and Camp Kaufman, the Camp Roosevelt shell bed dips at approximately 2 
meter per 1.6 km (Kidwell, 1982a). The Camp Roosevelt shell bed dips below beach-
level at Camp Kaufman, with only the top 30 cm of the shell bed exposed in the northern 
half of the locality (Figure 15). Located at beach level, the entire exposed portion of the 
shell bed would be at or below sea level, meaning that the deposits would be submerged 
twice a day with daily tidal cycles. This repeated marine-subaerial cycle would not only 
increase the likelihood that the shells from Camp Kaufman would be physically altered,  
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but chemically altered as well. Modern 87Sr/86Sr values of seawater are much higher than 
they were during the Miocene. Shells exposed to modern seawater would be exposed to 
the diffusion of strontium ions between ambient seawater and the shells- this would lead 
to elevated 87Sr/86Sr ratios in shell material exposed to seawater, thus producing an 
artificially younger age of deposition for altered fossil material when calculated with the 
strontium isotope curve. If this were the case, it would imply that the shells collected 
from Camp Kaufman do not contain the original 87Sr/86Sr values of the material. Given 
that the base of the Calvert Cliffs is eroding at approximately 0.4 m a year, all samples at 
Camp Kaufman can be assumed to have been exposed directly to seawater for no more 
than a year (Wilcock et al., 1998). If diagenetic alteration occurred as a result of the low 
elevation of the Camp Kaufman locality, then alteration would only have occurred after 
the time period of exposure, that is to say at most within the period of the last year.  
 Existing literature on carbonate diagenesis does not currently propose an estimate 
for the rate of ion exchange between ambient seawater and fossilized shell material. It is 
therefore necessary to draw upon other lines of evidence to judge the preservation of the 
shells at the Camp Kaufman locality. As the 87Sr/86Sr ratio of seawater has continued to 
rise since the early Miocene, I would expect that, if exposed to seawater, the ratio of 
shells altered by seawater would be higher than unaltered shells from the early-mid 
Miocene: this is the case when comparing the 87Sr/86Sr ratios from Camp Kaufman to the 
samples from the top of the other localities. Studies on ion exchange in calcite indicate 
that the mineral does not always behave as a closed system at surface conditions and 
would potentially adsorb environmental contaminants from its surroundings (Stipp et al., 
1998). Further lab experiments have demonstrated that at concentrations well below that 
	   51	  
of seawater (<0.3 µmoles/mL), Sr2+ exchange primarily occurs through ion-exchange 
with Ca2+ within the mineral structure, but at relatively low rates (Parkman et al., 1998). 
 The physical state of the shells themselves also indicates severe diagenetic 
alteration. Whereas the majority of shells from Chesapeake Beach, Willows, and Camp 
Roosevelt were brittle and resistant to breakage, shells from Camp Kaufman were often 
plastic and broke off in flakes, in a similar manner to the highly-altered shell material 
from the Willows. Studies of diagenesis and modern molluscan shells show that severe 
alteration is marked by degradation of the organic matrix within a shell and a decrease in 
the rigidity of the shell (Zuschin et al., 2003). Degradation and diagenetic alteration of 
shells reimmersed in seawater can occur in as little as seven weeks in some 
circumstances, falling well within my estimate of exposure for shells at the Calvert Cliffs 
(Zuschin and Stanton 2001). Therefore, it is highly likely that the shells at Camp 
Kaufman, regularly exposed to seawater, were affected by diagenesis and experienced 
ion diffusion to some degree, and at the very least are more altered than shells retrieved 
from outcrops higher up-dip. However, the relative freshness of the cliff falls, coupled 
with the presence of the mud-rich Barren interval above and highly condensed fossil 
material of similar age, may suggest that shells from higher up-dip may have escaped the 
worst of the diagenetic alteration that is recorded at Camp Kaufman.  
 If I omit the data from Camp Kaufman from my analysis, the average 87Sr/86Sr 
ratio from the upper contact of the Camp Roosevelt shell bed is 0.708728 (2s.d.= 
0.000017), and records an age of deposition of 15.95 Ma. Combining this with my data 
from the bottom of the shell bed, which recorded an average age of 16.60 Ma, I estimate 
that the Camp Roosevelt shell bed was accumulated over the period of 650 kyr. Even 
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without treatment of the data, each locality still records a depositional period of 
approximately 600 kyr as opposed to recording deposition on the order of several 
hundred to thousands of years (Figure 16). The agreement of the data across three of the 
four localities (with the fourth locality, Camp Kaufman, having been disrupted by ion 
exchange driven by seawater) supports the assertion that the 87Sr/86Sr signal seen in the 
Camp Roosevelt shell beds is not the result of diagenetic alteration. While there is 
evidence to suggest that chemical alteration and physical reworking have affected the 
samples chosen for this study, the variation introduced by these outliers does not affect 
the 87Sr/86Sr signal between the top and bottom of the bed. The robustness of this signal 
indicates that the trend is not due to diagenetic overprint, but is an accurate representation 
of the original 87Sr/86Sr ratios of the shells. 
 Given that the transgressive-regressive cycle that contains the Camp Roosevelt is 
interpreted to represent 1 My of time, an estimate on the order of 105 years of 
accumulation fits into the stratigraphic framework for the Cenozoic first published by 
Haq et al. (1987), although the timing of deposition is slightly later than the original 
model would predict. That the Camp Roosevelt shell bed records a span of time on the 
order of 105 years corroborates Kidwell's (1989) interpretation that the major complex 
shell beds represent a series of condensed parasequences deposited during a transgressive 
systems tract. This is in sharp contrast to competing interpretations that claim the major 
complex shell beds formed as storm or one-event concentration deposits (Gernant, 1970). 
 The parasequence interpretation is further supported by sedimentological and 
paleobiological analyses, which concluded that the beds are composed of several distinct 
biostratigraphic intervals bounded by scoured contacts (Kidwell, 1989). Each major  
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Figure 16: A graph showing the average 87Sr/86Sr ratios calculated from shell material 
from the top and bottom of each sampled locale of the Camp Roosevelt shell bed. Data 
are then plotted along the strontium isotope curve to show the conversion from 
87Sr/86Sr to the age of the material. Excluding the diagenetically altered Camp 
Kaufman samples, the average age difference between the top and bottom of the shell 
bed is 660 kyr, similar to the age difference between the top and bottom of the bed 
calculated for each locality. 
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complex shell bed exists in a similar stratigraphic context, sitting atop a basal 
disconformity that signals the initiation of a transgressive systems tract, shows clear 
evidence of condensation, contains distinct biostratigraphic intervals, and is followed by 
an unfossiliferous interval that is distinguished by a change in sedimentation in a 
proximal shelf environment (Kidwell, 1989). It then follows that each major complex 
shell bed represents parasequences deposited during a transgressive systems tract, and 
that the period of formation calculated from the Camp Roosevelt shell bed can be applied 
to the other three major complex shell beds. 
 Understanding the shell beds as condensed parasequences has clear implications 
for understanding the stratigraphy of the Calvert Cliffs. A depositional period of ~600 kyr 
implies slow and gradual transgression, followed by a rapid switch to an unstarved basin 
and the progradation of the shoreline. However, why this cycle of sediment starvation on 
the shelf was repeated throughout the Miocene is less obvious and requires further 
investigation. Regardless, the confirmation that the major complex shell beds as a series 
of condensed parasequences during a transgressive systems tract provides us with a 
model that can be used to help interpret similar base-of-cycle condensed shell gravel 
deposits in other late Tertiary and Quaternary sequences. 
 
Comparative paleoecology of the major complex shell beds 
 Despite being deposited at different intervals over a period of 10 million years, 
there are remarkable similarities in the faunal composition among the major complex 
shell beds (Kidwell, 1989). Overall, 74 of the 167 species identified in this study are 
identified in at least two of the three major complex shell beds that were included in my 
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ecological analyses (Appendix A). Combined in total represent, these taxa represent 78% 
of the specimens collected both for this study and Kidwell (1982a), meaning less than 
half of the taxa compose almost 80% of the total specimens used in these analyses. The 
persistence of these taxa across shell beds means that the remaining 93 species, 
representing only 22% of the total specimen pool, comprise most of the variability 
between shell bed sections. The similarity between shell beds would be expected given 
that each of the major complex shell beds was interpreted by Kidwell (1982a) to have 
been deposited in a similar shallow marine setting above storm wave base during a 
marine transgression. However, Kidwell (1989) noted that given the faunal composition 
of the Boston Cliffs, including for example Crassostrea, the shell bed might have formed 
in a more onshore and freshwater influenced environment. This points to the possibility 
that differences in ecology among the shell beds in part may be attributed to the different 
range of habitats each major complex shell bed experienced as sea-levels rose. 
 Despite being similar in terms of their general depositional environment, 
lithology, and to some degree molluscan community, all three shell beds possess notable 
differences in their ecology and community composition. A comparison of the ecological 
metrics among the shell beds was first accomplished by comparing the average values 
calculated from the ten rarefied assemblages for each major complex shell bed (Table 4). 
While only having a quarter of the initial sample size of the Camp Roosevelt or 
Drumcliff shell beds, the Boston Cliffs shell bed’s ecology is more similar to the 
Drumcliff shell bed than the Camp Roosevelt is to the Drumcliff shell bed. The Boston 
Cliffs shell bed has higher diversity (CR 𝐻: 2.84; BC 𝐻: 3.06), higher richness (CR 𝑅: 
42; BC 𝑅: 50), and similar evenness (CR 𝐸H: 0.76; BC 𝐸H: 0.78) when compared to the 
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Camp Roosevelt shell bed. When compared to the Drumcliff shell bed, the Boston Cliffs 
shell bed is slightly less diverse (DC 𝐻: 3.10; BC 𝐻: 3.06) and has lower richness (DC 𝑅; 
56; BC 𝑅: 49), but similar levels of evenness (DC 𝐸H: 0.77; BC 𝐸H: 0.78). 
 A statistical comparison of the ecological data from the major complex shell beds 
helps to confirm the validity of the trends seen in my initial comparison of average 
ecological metrics (Figure 17, 18, 19). Pair-wise comparisons between the Camp 
Roosevelt, Drumcliff, and Boston Cliffs shell beds were compiled using the ecological 
metrics calculated from the rarefied data sets for each of the major complex shell beds. 
The normality of each data set for pair-wise comparison was calculated using the 
Shaprio-Wilk test to determine whether an independent-samples t-test or a Mann-
Whitney U test was more suitable for comparing between the shell beds. A comparison of 
the Camp Roosevelt and Drumcliff shell beds shows that the shell beds are significantly 
different in respect to all calculated ecological metrics (H: U = 0.000, p = 0.000; EH: t18 = 
-2.321, p = 0.032; R: U = 0.000, p = 0.000). Similar results were obtained between the 
Camp Roosevelt and the Boston Cliffs shell bed (H: U = 0.000, p = 0.000; EH: t18 = 
5.802, p = 0.000; R: t18= 8.356, p = 0.000). The Boston Cliffs and Drumcliff shell beds 
were significantly different in terms of evenness and richness (EH: t18 = -3.784, p = 0.000; 
R: U = 5.500, p = 0.000); however, no statistical difference was seen between the 
diversity of the Drumcliff and Boston Cliffs shell beds (H: t18 = 1.449, p = 0.165). 
 The statistical analysis confirms my initial observations that there are significantly 
higher richness and diversity in the Drumcliff and Boston Cliffs shell beds than in the 
Camp Roosevelt shell bed. My analysis further demonstrates that there is no statistically 
significant difference in diversity between the Drumcliff and Boston Cliffs shell beds.  
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Figure	  17:	  A	  box-­‐and-­‐whiskers	  plot	  depicting	  Shannon-­‐Wiener	  index	  data	  (diversity)	  from	  the	  rarefied	  samples	  of	  the	  major	  complex	  shell	  beds.	  The	  Camp	  Roosevelt	  shell	  bed	  is	  the	  least	  diverse	  of	  the	  three	  studied	  shell	  beds	  and	  is	  statistically	  different	  from	  the	  other	  shell	  beds.	  In	  contrast,	  there	  is	  no	  significant	  difference	  between	  the	  diversity	  of	  the	  Drumcliff	  and	  Boston	  Cliffs	  shell	  beds.	  This	  indicates	  that	  may	  be	  higher	  diversity	  in	  the	  Choptank	  Formation	  (Drumcliff	  and	  Boston	  Cliffs	  shell	  beds)	  than	  in	  the	  Calvert	  Formation	  (Camp	  Roosevelt	  shell	  bed).	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Figure	  18:	  A	  box-­‐and-­‐whiskers	  plot	  of	  evenness	  data	  from	  the	  rarefied	  samples	  of	  the	  major	  complex	  shell	  beds.	  While	  the	  data	  seem	  to	  show	  that	  each	  of	  the	  beds	  has	  relatively	  similar	  evenness	  values,	  each	  of	  the	  shell	  beds	  is	  statistically	  different	  from	  the	  other	  shell	  beds.	  There	  is	  also	  an	  apparent	  weak	  trend	  towards	  higher	  evenness	  values	  from	  the	  oldest	  (Camp	  Roosevelt)	  to	  the	  youngest	  (Boston	  Cliffs)	  shell	  beds.	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Figure	  19:	  A	  box-­‐and-­‐whiskers	  plot	  of	  species	  richness	  data	  from	  the	  rarefied	  samples	  of	  the	  major	  complex	  shell	  beds.	  Each	  of	  the	  shell	  beds	  is	  statistically	  different	  from	  the	  other	  two	  shell	  beds.	  The	  Camp	  Roosevelt	  is	  the	  least	  rich	  of	  the	  three	  shell	  beds,	  while	  the	  Drumcliff	  has	  the	  highest	  species	  richness:	  trends	  in	  the	  data	  seen	  here	  parallel	  the	  patterns	  seen	  in	  diversity	  (Figure	  17).	  Given	  that	  the	  Boston	  Cliffs	  shell	  bed	  is	  under-­‐sampled	  compared	  to	  either	  the	  Camp	  Roosevelt	  or	  Drumcliff	  shell	  beds,	  it	  is	  possible	  that	  increased	  sampling	  will	  elevate	  its	  richness	  to	  be	  more	  similar	  to	  that	  of	  the	  Drumcliff	  shell	  bed.	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Given that the Drumcliff and Boston Cliffs shell beds (Choptank Formation) were 
deposited approximately 5 My after the Camp Roosevelt shell bed (Calvert Formation) it 
is possible that the differences in ecology seen in my analyses may represent an increase 
in diversity throughout the Miocene of the Mid-Atlantic, from the Calvert to the 
Choptank Formation. This would be the first time such a trend has been recorded. If such 
a trend exists, than perhaps the disparity in richness between then Boston Cliffs and 
Drumcliff shell beds could be attributed to the under sampling of the Boston Cliffs shell 
bed, when compared to the other shell beds, and so is depleted in terms of richness even 
before being rarefied.  
 The stark difference in the ecology between the Drumcliff and Boston Cliffs and 
the Camp Roosevelt is also reflected in the DCA and cluster analyses, corroborating the 
findings from my statistical analysis. In both the DCA and cluster analysis, the Drumcliff 
and Boston Cliffs sections plot separately from the Camp Roosevelt sections. Given that 
no such long-term trend has been observed before in previous studies in the Miocene of 
the Mid-Atlantic United States, other explanations should be explored as well. It may be 
that greater environmental variability (i.e., changes to bottom substrate) during the 
deposition of the Drumcliff and Boston Cliffs shell bed, along with the condensation of 
distinct assemblages into one deposit, elevated the diversity of the Boston Cliffs and 
Drumcliff shell beds. While the Camp Roosevelt represents a period when the seafloor 
was covered by shell-gravel due to sediment starvation, the Boston Cliffs and Drumcliff 
shell beds both contain evidence of alternating regimes of shell-gravel and soft bottom 
deposits. For example, the two major subunits of the Boston Cliffs shell bed shows that 
the bed transitioned from a shelf characterized by periodic condensation of fine sediment 
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to sediment starvation and a seafloor covered by shell-gravel during its deposition 
(Kidwell, 1982a). This fluctuation in depositonal regimes within the Choptank Formation 
major complex shell beds would combine both hard and soft bottom faunas into one 
deposit, increasing the Boston Cliffs' and Drumcliff's diversity and overall species 
richness.  
 An alternative explanation for the elevated diversity of the Choptank Formation is 
that while the Drumcliff and Boston Cliff shell beds represent all facies up until the 
maximum water depth of the transgressive-regressive cycle (the mid point), the Camp 
Roosevelt shell bed only records the shallowest facies, as determined by Kidwell (1982a). 
Over the course of the transgression that led to the formation of the Camp Roosevelt shell 
bed, the deepest water depths during the cycle were reached during the PP-2 
unconformity, well after the Camp Roosevelt shell bed. This may lower its species 
richness and diversity relative to the other shell beds, due to the absence of certain facies 
that are otherwise present and recorded in the other major complex shell beds. The notion 
that the preservation of deposits formed from a wider range of environments could lead to 
higher diversity and richness is demonstrated in the Boston Cliffs shell bed. The presence 
of taxa resistant to decreased salinity in the lower biostratigraphic units of the Boston 
Cliffs shell bed indicate fresh-water influenced environments. While these specific taxa 
are known throughout the Miocene, evidence for these estuarine environments, as well as 
the associated taxa found in the Boston Cliffs shell bed, are absent in either of the other 
two major complex shell beds. This implies that a greater range of depositional 
environments could lead to the addition of new types of taxa within the major complex 
shell beds, and would therefore increase the diversity and richness preserved within the 
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shell bed. Thus, it is possible that the trend seen in my data may not represent a true 
biologically-driven increase in diversity throughout the Miocene, but an apparent lack of 
diversity in the Camp Roosevelt due to the absence of certain facies from the geologic 
record. 
 The DCA results showed separation of the Drumcliff and Boston Cliffs shell bed 
sections from those of the Camp Roosevelt along the first axis  (λ1 = 0.4971). A 
comparison of the values of the Camp Roosevelt to the Drumcliff and Boston Cliffs 
sections along the first axis yielded a p-value of 0.024 (U = 0.000). The statistically 
significant difference between the Camp Roosevelt and Drumcliff and Boston Cliffs 
sections provides evidence to suggest that there is a distinct change in the ecology of the 
Calvert and Choptank Formations, supporting the trends previously observed in my 
ecological indices. The differences seen in richness and diversity may represent 
wholesale changes in community composition, as a result of evolution over the interval or 
changes to conditions on the continental shelf. Scoring taxa with a binary system (1 = 
stationary, 0 = mobile) demonstrated that taxa tend to separate out in the DCA based on 
their mobility along the first axis (Figure 20). Mobile taxa tended to plot towards the 
positive (Camp Roosevelt) end of the first axis (𝑥1 = 0.461; N = 28), and stationary taxa 
clustered towards the negative end of the axis (Drumcliff and Boston Cliffs) (𝑥1 =-0.728; 
N = 14). There was a statistical difference between scores of the two groups along the 
first axis (U = 117.000, p = 0.035). It is possible that differences in sedimentation 
(dynamic bypassing versus total sediment starvation) among major complex shell beds 
are responsible for the placement of both taxa and shell bed sections along the first axis. 
The separation of mobile versus stationary taxa may be the result of a combination of this 
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trend in shell bed lithology, combined with taphonomic feedback due to the persistence 
of shell gravel on the sea floor (Kidwell, 1984). Thus, changes in conditions along the 
continental shelf may be responsible for the differences seen in community composition 
between the Camp Roosevelt and Drumcliff and Boston Cliffs shell beds. In contrast, 
none of the other axes showed a significant difference between the shell beds of the 
Calvert and Choptank Formations. 
 Attempting to determine water depth relationships of the first four axes of the 
DCA using the distribution of taxa yielded similar results to my bed section analysis. As 
no species level information was available for the Miocene taxa, ecological 
characterizations were simplified to the genus level and extrapolated from modern 
analogues using the Malacolog database (Morris and Rosenberg, 2005). However, given 
the range of depths each genus was able to occupy, analysis at the genus level was unable 
to produce the resolution in depth needed to determine a correlation between water depth 
and taxa placement along any of the axes of my DCA. With the current resolution of the 
data, taxa, such as Chesapecten, had a depth range from 0-40 m, making it difficult to bin 
genera by water depth. No trend between water depth and the placement of both taxa and 
shell bed sections was present on any of the first four axes of the DCA. Based on the 
information presented in Kidwell (1982a) and associated studies, it would be expected 
that if an axis was representative of water depth, the bottom sections of the shell beds 
would plot towards one end of the axis with the top sections of the shell bed at the other 
extreme, and the middle sections between the two points, a trend representative of the 
transgressive systems tracts under which each shell bed was deposited. While the bottom 
sections of the Camp Roosevelt and Drumcliff shell beds plot separately from their 
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middle and top sections along the second axis, only the Camp Roosevelt shell bed shows 
any sort of sequencing of bed sections, with a progression from bottom to top, along the 
second axis It is entirely possible that water depth is represented along one of the first 
three axes for species distributions, but such a trend cannot be extrapolated with the 
current scope of my data. However, the lack organization of the bed sections in 
stratigraphic order for each major complex shell bed along any of the first four axes, in 
addition to my inability to determine any trend between taxa placement and water depth, 
may suggest that changes in water depth were not an important factor in determining the 
ecology of the shell beds or their sections.   
 In addition to an analysis of taxa mobility and water depth, ecological preference 
data compiled from Malacolog and the Paleobiology Database allowed for an 
investigation into the distribution of taxa along the higher axes of the DCA. Neither 
grouping taxa by life habit (i.e., epifaunal versus infaunal; λ2 p = 0.808, λ3 p = 0.147) nor 
by their preference for hard versus soft substrate (λ2 p = 0.939, λ3 p = 0.357) showed any 
separation along the second and third axes of the DCA. Grouping taxa by hard versus soft 
bottom substrate preference showed some separation along the fourth axis, with hard-
bottom taxa (𝑥3 = 0.123; N =18) plotting in a different cluster from soft bottom taxa (𝑥3 = 
-0.457; N = 14) (Figure 21). The difference between the two groups was on the border of 
statistical significance (t30 = 1.806, p = 0.081), with some overlap between the scores of 
hard and soft bottom taxa. My inability to find robust trends in ecology along my DCA 
axes may be reflective of the fact that my bed section divisions encompass two or more 
biostratigraphic sections. This would group taxa from different environments and with 
different preferences into an artificially time-averaged deposit, interfering with my ability  
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Figure 20: Plot of the λ1 axis scores against genus ecology. Mobile taxa tended to plot 
towards the positive (Camp Roosevelt) end of the first axis (?̅?1 = 0.461; N = 28) while 
stationary taxa clustered towards the negative end of the axis (Drumcliff and Boston 
Cliffs) (?̅?1 =-0.728; N = 14). Given the separation between the shell beds along the 
first axis, this trend among taxa may be the result of the bottom substrate present 
within each shell bed. While dominantly soft-sand bottom conditions may favor more 
infaunal (negative scores, Drumcliff and Boston Cliffs shell beds) and less mobile 
molluscan taxa, more predominant shell gravel substrate may favor epifaunal 
mollsucan taxa that can move about freely on the sea floor to escape from predators 
(positive scores, Camp Roosevelt shell bed). 
	   66	  
  
Figure 21: Plot of the λ4 axis scores against genera ecology. There was some 
separation among hard and soft bottom taxa, with hard-bottom taxa (?̅?3 = 0.123; N 
=18) plotting in a different cluster from soft bottom taxa (?̅?3 = -0.457; N = 14) on 
the negative end of the fourth axis. However, the difference was not statistically 
significant (p = 0.081). A corresponding trend in terms of bed section substrate was 
not observed along the fourth axis. 
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to determine trends within and among shell beds. In shell beds that experienced 
alternative periods of sand and shell gravel on the seafloor due to dynamic bypassing, 
such as in the Drumcliff and Boston Cliffs shell beds, this would be particularly 
problematic: future analyses should be done with bed-divisions at the biostratigraphic 
level to avoid such complications. 
 
Future Work 
 In light of this study, it is apparent that our understanding of the Calvert Cliffs has 
large gaps that still need to be filled. First among these is further investigation of the 
Camp Roosevelt shell bed and other major complex shell beds from a geochemical 
perspective. It is entirely possible that each shell bed represents drastically different 
periods of time, which may affect our understanding of their formation; however, given 
the similarities between the shell beds discussed in Kidwell (1989), it is unlikely that the 
shell beds formed on time scales differing by orders of magnitude. What is more likely is 
that the additional data will give us a clearer understanding of the processes that may 
have helped to shape each major complex shell bed, as well as the relative rates of sea-
level rise and fall throughout the Miocene. Adding ecological data from the Kenwood 
Beach major complex shell bed to these analyses would also yield interesting new results, 
and help to strengthen the hypothesis that there is a real difference in faunal assemblages 
between the Calvert and Choptank Formations: to confirm this would then lead to 
additional questions about what drove such rapid change and diversification. 
Additionally, an investigation into the minor simple shell beds and the unfossiliferous 
intervals between the major complex shell beds would also yield new and interesting 
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insight into the sequence stratigraphic relations of the Chesapeake Group as well as 
changes in diversity (or lack thereof) between the major complex shell beds and 
unfossiliferous intervals.  
 
Conclusions 
 There has been considerable debate in the past over the origins of the major 
complex shell beds at the Calvert Cliffs (Kidwell, 1989). Kidwell (1982a; 1982b; 1986; 
1989) used a variety of qualitative approaches as evidence to suggest that the major 
complex shell beds represent long-term accumulation and consist of condensed 
parasequences that were deposited over tens of thousands of years, if not more. The 
present study was the first to assess the period of formation of the major complex shell 
beds from a quantitative geochemical perspective. The results from 87Sr/86Sr analysis of 
Chesapecten nefrens taken from the upper and lower contacts of the Camp Roosevelt 
major complex shell bed show that the deposit formed over a period of ~600 kyr during 
the early-mid Miocene. That the inclusion and removal of outliers and diagenetically 
altered samples from the data set did little to effect the final calculation of the period of 
accumulation demonstrates that the signal obtained in the 87Sr/86Sr data across all 
localities and bed sections is robust and reflects the original ratios of the shells. These 
findings provide important evidence to support the hypothesis that the major complex 
shell beds formed over supraecological time scales (105 years), and corroborate the 
conclusion of Kidwell (1989) and associated studies that the major complex shell beds 
consist of condensed parasequences in a transgressive systems tract. 
 This was also one of the first studies to undertake an investigation of the 
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paleoecology of the major complex shell beds at the Calvert Cliffs. An ecological 
comparison of the major complex shell beds reveals there is a distinct difference between 
the ecology of the Camp Roosevelt and the Drumcliff and Boston Cliffs shell beds, and, 
therefore, also of the ecology within the Calvert and Choptank Formations. This 
difference is reflected in both traditional ecological metrics as well as ordination methods 
such as a detrended correspondence analysis and a hierarchical cluster analysis. Possible 
explanations for the differences between beds may be the diversification of molluscan 
fauna between the Calvert and Choptank formations, changes in sedimentation on the 
continental shelf, or differences in the depositional environments each bed experienced 
during transgression. Future work must take care to focus on biostratigraphic sections 
when sampling the major complex shell beds, to better understand the changes in ecology 
seen both within and among the major complex shell beds. 
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Appendix A: Compiled Relative Abundance Data for Stratigraphic Sections from 
Kidwell (1982a) and this Study  
In this section, relative abundance data on bivalves, gastropods, and brachiopods 
(Discinica lugubris) from Kidwell (1982a) are combined with the data collected for this 
study into one data matrix. Due to the size of the data matrix, each set of columns is 
divided into four parts so that after each set of four pages, a new set of columns begins. A 
similar formatting is used for Appendix B. The sample data from Kidwell (1982a) are 
listed by their Yale Peabody Museum Locality numbers (501-588). Samples collected for 
this study are listed in their own dedicated set of columns at the end of the data set. 
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Appendix C: Genus-Level Relative Abundance by Bed Section 
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Appendix D: DCA Output Scores 
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